Cardiac failure is a known complication of haemopoietic stem cell transplantation (HSCT) and is often difficult to diagnose as patients may have multiple medical problems. Since brain natriuretic peptide (BNP) is largely a hormone of cardiac ventricular origin and is released early in the course of ventricular dysfunction, we have examined the value of serial plasma BNP levels for detecting cardiac failure in patients undergoing cytotoxic conditioning for HSCT. Fifteen patients undergoing HSCT were evaluated (10 undergoing autologous HSCT; five undergoing allogeneic HSCT). BNP was measured by radioimmunoassay prior to therapy and weekly for 5 weeks. Seven patients had a significant rise in BNP level (above a previously established threshold of 43 pmol/l associated with cardiac failure), occurring 1-4 weeks post commencement of conditioning. In three of these patients, cardiac failure was subsequently diagnosed clinically 3, 9 and 23 days after a BNP level of 43 pmol/l had been detected. These three patients had the highest peak BNP levels for the group and in each case elevation in BNP level occurred for a period exceeding 1 week. Although numbers were relatively small, a BNP Ͼ43 pmol/l was significantly associated with the inclusion of high-dose cyclophosphamide in the preparative regimen (P = 0.02). BNP levels showed no relationship to febrile episodes. In conclusion, these results show that plasma BNP may be used as a marker for early detection of cardiac dysfunction in patients undergoing HSCT, particularly if levels are increased for periods exceeding 1 week. Measurement of BNP during HSCT may be helpful in patients at risk of cardiac failure, in complex clinical situations and in monitoring the cardiotoxicity of preparative regimens. Bone Marrow Transplantation (2000) 26, 309-313.
Conditioning may incorporate cardiotoxic drugs, notably cyclophosphamide. 4, 5 Sepsis is also common after HSCT and may produce focal and diffuse myocardial injury. 6 Previous exposure to cardiotoxic drugs, notably anthracyclines, and transfusional iron overload may predispose patients to cardiac dysfunction. Heart failure may be precipitated by the use of hyperhydration regimens, transfused blood components, sodium retaining drugs and impaired renal function. The incidence of clinically significant cardiotoxicity has been estimated at between 5 and 10% of patients undergoing autologous or allogeneic HSCT. 7 Early diagnosis of cardiac failure in patients undergoing HSCT may be difficult, especially in complex clinical situations where several pathologies often co-exist. For example, clinical and radiological signs may be obscured by lung infiltrates related to infection or graft-versus-host disease (GVHD); oedema and ascites are often due to other causes such as hypoalbuminaemia, veno-occlusive disease and capillary leak syndrome. Echocardiography is often helpful in such situations although it requires an experienced operator and may not be readily available in the acute situation. Cardiac catheterisation, the gold standard in the diagnosis of cardiac failure, is largely impractical due to its invasive nature and the attendant risk of bleeding or infection. Diagnosis of cardiac toxicity may be more relevant now that HSCT is being used for non-malignant diseases such as haemoglobinopathies, inborn errors of metabolism and autoimmune diseases which may in themselves be associated with underlying cardiac damage.
Brain natriuretic peptide (BNP) was originally discovered in the porcine brain 8 but was subsequently found to be predominantly a cardiac hormone. 9 Unlike atrial natriuretic peptide (ANP), which is secreted by the atria in response to increased atrial pressure 10 BNP is derived chiefly from the cardiac ventricles in response to ventricular stresses. 11 The plasma levels of both peptides are inversely correlated with measures of cardiac function 9 and recent work has shown BNP to be a more sensitive marker of cardiac impairment than ANP. 12, 13 Indeed, plasma BNP levels are useful in differentiating acute heart failure from pulmonary disease 14 and for the early diagnosis of heart failure. 15 The aims of this study were to investigate plasma BNP as a marker of ventricular dysfunction in patients receiving high-dose preparative regimens and HSCT.
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Patients and methods
Patients
The study was approved by the Ethics Committee of Southern Regional Health Authority (Canterbury, New Zealand) and all patients gave informed consent. Patients received a variety of preparative regimens including fractionated total body irradiation (TBI, 12 Gy given as 133 cGy three times daily over 3 days) in combination with cyclophosphamide 120 mg/kg, etoposide 60 mg/kg 16 20, 21 and treatment of acute GVHD followed previously published protocols. 22 All patients were managed according to the South Island Bone Marrow Transplant Unit (SIBMTU) Protocol for Haemopoietic Stem Cell Transplantation which included full daily clinical examination, 4-6 h temperature assessment, daily weight, daily full blood count and biochemistry, prophylactic antibiotics, transfusion of red cells to maintain haemoglobin Ͼ80 g/l and of platelets to maintain a platelet count of Ͼ10 × 10 9 /l, if condition stable, and 20 × 10 9 /l, if condition unstable (eg febrile). Intravenous fluids were given to balance the deficit between oral intake and output (including insensible losses). If fluid excess was noted clinically, or from weight gain or fluid balance recordings then correction would be carried out by reducing intake plus the cautious use of small amounts of frusemide (20-40 mg intravenously). ECGs were routinely performed prior to commencing conditioning and chest X-rays were performed weekly throughout the neutropenic period and as clinically indicated.
The following parameters were also documented for each patient: left ventricular ejection fraction (LVEF) by gated radionucleide ventriculography scan, pre-HSCT and at 6-8 weeks after HSCT, pre-HSCT ferritin (as an estimate of iron loading), and history of treatment with anthracyclines. Cardiac failure was diagnosed as a clinical syndrome consisting of appropriate symptoms (shortness of breath, fluid retention, fatigue) and clinical signs of fluid retention (pulmonary or peripheral) supported by chest radiographic appearances or reduced LVEF Ͻ50% or a beneficial response to therapy for heart failure. The clinical diagnosis of heart failure, was made independently of any knowledge of the BNP results.
Assay of BNP
EDTA plasma (5 ml) was collected pre-transplant and then weekly. Samples were centrifuged within 1 h, separated and the plasma stored at −80°C before assay. Plasma aliquots (1 ml) were extracted on Sep Pak cartridges preequilibrated with methanol, washed with 0.1% trifluoroacetic acid and eluted with 2 ml 80% propranolol:0.1% trifluoroacetic acid (80:20 v/v). After pre-incubation for 3 h at room temperature, trace was added and the assay incubated for 18 h at 4°C. The rest of the assay was as previously described, 23 as modified for clinical use. 24 Coefficient of variation at 35 pmol/l was 6% and 11% for intraand inter-assay, respectively. A BNP level of 43 pmol/l was considered consistent with the diagnosis of heart failure. 24 
Statistical analysis
Data were analysed using Mann-Whitney U test for comparison of grouped continuous variables, chi-squared test for grouped discrete variables and Spearman's test for correlation. The data were dichotomised into patients with a BNP level of greater or less than 43 pmol/l. 24 
Results
Patient data
Patient data are summarised in Table 1 . All patients had normal ECGs and no clinical evidence of cardiac failure prior to HSCT. Three patients (patients 4, 6 and 11, Table 1 ) developed clinical signs of cardiac failure during HSCT. In patient 4, the diagnosis was made on clinical grounds and response to diuretic therapy, in patient 6 the diagnosis was made on clinical grounds and a simultaneous LVEF of 49% (falling from 66% pre-transplant) and in patient 11 the diagnosis was made on clinical and radiological grounds. Patients 6 and 11 also responded to diuretic therapy.
BNP levels during HSCT
The changes in plasma BNP level over the 5 weeks following the commencement of conditioning are summarized in Figure 1 . In seven patients the threshold value of BNP (43 pmol/l) was exceeded at least once during the study period, BNP peaking between 1 and 4 weeks (median 3 weeks) post high-dose therapy. In the three patients (patients 4, 6 and 11) in whom a clinical diagnosis of cardiac failure was made, a rise in the BNP level above 43 pmol/l occurred 23, 9 and 3 days, respectively, before the clinical signs became apparent. These three patients had the highest peak BNP levels of the group and, in addition, plasma BNP levels were elevated for at least 1 week in all cases. The remaining four patients had lesser elevations of BNP on only single occasions and showed no clinical or radiological signs of cardiac failure. There were no patients in whom clinical cardiac failure occurred without an associated rise in the BNP level above the 43 pmol/l threshold.
Levels of BNP showed no correlation with fever defined either as a mean of the temperatures taken on the same day as testing (r = 0.001, P = 0.9) or as the occurrence of a temperature of Ͼ38°C in the previous week (P = 0.6). However, the BNP level was correlated with simultaneous plasma creatinine level (r = 0.592, P Ͻ 0.0005). Except for patient 11 whose peak 'simultaneous' creatinine level was Table 2 provides a comparison of the two groups dichotomised by the BNP level of 43 pmol/l. In both groups, Bone Marrow Transplantation a similar proportion of patients underwent autologous and allogeneic HSCT and there were no significant differences in baseline LVEF or incidence of previous anthracycline exposure between the two groups. There was a significant difference in the number of patients receiving cyclophosphamide between the two groups (P = 0.02), with a greater number of those with raised BNP levels (Ͼ43 pmol/l) receiving cyclophosphamide-containing regimens. There was also a trend towards greater age (P = 0.07) and higher ferritin levels (P = 0.11) in this group, although these did not reach significance.
Dichotomisation of data using the threshold value of 43 pmol/l
Discussion
This study supports the use of plasma BNP as a marker of ventricular dysfunction in patients undergoing high-dose therapy and HSCT. Raised plasma BNP levels have previously been shown to be early markers of cardiac impairment, heralding the clinical picture by days to weeks 25, 26 and are generally superior to ANP as markers of ventricular dysfunction. 27 In the present study, those subjects who developed clinical heart failure exhibited raised plasma BNP for periods exceeding 1 week prior to the diagnosis being made. A raised BNP level, although not diagnostic alone, might therefore be used in the context of HSCT to assist diagnosis when a complex clinical situation is encountered, to exclude cardiac failure or to select patients for echocardiography. Febrile episodes do not appear to confound the interpretation of raised BNP levels, which is reassuring since fever is common following HSCT and can result in impaired cardiac function. 28 The significance of the association of BNP level with creatinine level in these patients is uncertain, as all patients except for patient 6 had creatinine levels in the normal range. One reason may be the close relationship between cardiac and renal function in relation to fluid balance, together with a confounding effect of age which is associated with increases in both plasma creatinine and BNP levels. 23 Although plasma BNP increases with severe chronic renal failure (possibly because of associated heart failure), there is no relationship in subjects with plasma creatinine less than 0.2 mmol/l. Certainly, plasma creatinine levels are not predictive for cardiovascular events in patients suffering myocardial damage from infarction, in strong contrast to plasma BNP levels.
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The reasons for the raised plasma BNP level in the four patients who were not considered to have cardiac failure are not obvious, but may represent a more transient period of cardiac damage insufficient to cause cardiac decompensation. Raising the threshold level of BNP might result in greater specificity in this group of patients. This is supported by patients 4, 6 and 11 who had the highest peak BNP levels. However, all of these patients had raised plasma BNP levels for time periods exceeding 1 week well prior to the onset of clinical symptoms and signs of heart failure. A sustained rise in plasma BNP may therefore be a better discriminator for the diagnosis of cardiac failure than an increased threshold level which could reduce the sensitivity for early detection of cardiac failure in such patients. It should be noted that in subjects with overt cardiac failure, plasma BNP is clearly elevated, in contrast to LVEF which may be variably affected, and within the reference range in an important minority of patients. 27, 29 Some of these patients primarily have diastolic dysfunction.
14 Taken together, it is not surprising that plasma BNP after a cardiac insult will be increased, and not necessarily reflected by a persistent fall in LVEF, as demonstrated in this study.
The toxic effects of cyclophosphamide on the myocardium have been documented in HSCT patients using other methods including serial ECGs, 7 echocardiography, 30 PET scanning 31 and, in severe cases, autopsy findings of haemorrhagic myocardial necrosis. 4, 30, 32 Data suggest that dosing may be an important risk factor. 5 Echocardiographic abnormalities develop in over half of paediatric patients 1 week after and persist for several weeks beyond high-dose cyclophosphamide administration. 1 Our findings using raised BNP levels as markers of cardiac impairment are similar, and using BNP as a marker, it is notable that the maximal effect in most patients is not immediate but delayed for 1-4 weeks. Clinicians should therefore be aware that susceptibility to cardiac failure is not restricted to timing of highdose therapy and hyperhydration, but represents an ongoing risk for several weeks. Although animal data suggest that mesna may prevent cyclophosphamide cardiotoxicity, 1 this measure (taken to prevent haemorrhagic cystitis) did not prevent a significant rise in plasma BNP in most patients receiving cyclophosphamide in this study.
Previous exposure to anthracyclines may have been important in the development of cardiac dysfunction and one previous study has used ANP as a marker in patients receiving anthracycline-containing regimens. 33 Analysis of previous anthracycline exposure as a risk factor was not possible as numbers were insufficient to examine varying degrees of exposure to different anthracyclines. Although irradiation is known to cause cardiac damage in higher doses, for example, such as those used previously in mantle irradiation for Hodgkin's disease, 34 it is presently unclear whether the lower, fractionated doses of TBI used in HSCT are associated with acute or chronic cardiotoxicity. In the present study, most patients received TBI as part of their preparative regimen and there was no apparent relationship with subsequent BNP levels, although numbers were small. Age and transfusional iron overload may also have contributed to ventricular dysfunction during HSCT. There was a trend for elevated ferritin levels in patients with raised BNP levels although statistically these effects were not significant, possibly due to the small sample size. Analysis of larger numbers of patients may yield more information regarding how multiple risk factors, including different conditioning regimens, act together to produce ventricular dysfunction.
Elevated plasma BNP levels are a simple, sensitive and specific predictor of impending cardiac dysfunction after HSCT and as such may be a useful adjunct to current methods of patient monitoring in this setting. In addition, the use of this assay in prospective trials will facilitate the design of conditioning regimens that minimise cardiac toxicity.
